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Abstract 
Firstly, this paper presents new criteria for fatigue life prediction of spot weld. It starts with the presentation of the database used 
for this study. Then, two criteria for spot weld life prediction, based respectively on mechanical damage and fracture mechanics, 
are developed through a nonlinear multiple regression method of optimization. These criteria considerably improve the 
correlation between numerical and test results. Finally, an application of this study is led on a fatigue test of a full body-in-white 
with about 4000 spot welds. 
Secondly, this paper presents new fatigue data editing techniques. Existing fatigue data editing techniques are tested on a full 
body-in-white fatigue lifetime calculation. The load applied to the biw is complex, with several load application locations and 
directions. All the critical point have to be detected with the new strength signal. Existing fatigue data editing techniques are 
adapted and tested on a full body-in-white fatigue calculation. Since the time discretization point number of the new load signal 
obtained from the literature techniques is too high, two new fatigue data editing technique are developed and tested on a full 
body-in-white durability calculation. The damage values damages at both spot weld and sheet metal, predicted with these new 
simplified load signals, are close to the damages values calculated with the full load signal. In addition, the number of time 
discretization points is low, at least 4.2 inferior to the time discretization point number obtained with existing techniques. 
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1. Spot weld fatigue life prediction  
1.1. Introduction 
Spot-welding is the main technique of joining sheet metal in the automotive industry. In general, an automobile is 
assembled by about 4000 Spot Welds (SW). The fatigue failure of SW is critical for the safety of the vehicle 
structure and thus for the brand management of the car company. The number of both vehicle prototypes and design 
project time has decreased significantly the last decade to reduce total project costs and time. Therefore, the 
numerical life estimation of the SW must be accurate since designers require reliable information about the SW 
fatigue lifetime early in the design phase. SW fatigue is sensitive to numerous parameters [1]. In order to perform 
their influence, a sensitivity study is done [2]. An important database of SW fatigue tests is analyzed in order to try 
to cover these various parameters. This study reveals that constraints applied to the SW and the SW geometric 
parameters, such as specimen thickness and weld nugget diameter, have a high impact on the fatigue life. These 
factors must be taken into account in a SW fatigue life prediction criterion. First, SW fatigue life criteria based on 
mechanical damage [3] are analyzed and compared to the SW fatigue tests. The correlation between the fatigue test 
data and numerical results obtained with those criteria is not sufficient. A first new criterion depending on 
geometrical SW parameters is developed and the correlation with fatigue tests is significantly improved. Second, 
fracture mechanics approach for SW fatigue lifetime is investigated with four criteria (Lee [4], Pook [5], Wang [6] 
and Zhang [7]). The fatigue life estimation error with this approach is decreased compared to mechanical damage 
approach results. A second new criterion, based on stress intensity factor, is developed through a nonlinear multiple 
regression method of optimization [8]. This criterion considerably improves the correlation between numerical and 
test results. Finally, an application of this study is led on a fatigue test of a full body-in-white with about 4000 SW. 
A comparison of fatigue test data and numerical SW life prediction, obtained with all the criteria studied, is 
performed. 
1.2. Data base 
A database of SW fatigue tests is used for this study. The welding process, to join the sheet metal of the specimen 
tests, is the same that used in Renault vehicle production lines. The SW lifetime is determined experimentally, 
mostly between fifty thousand and one million cycles. Four steels, with low and high yield limit (from 178 to 680 
MPa) and ultimate tensile strength (from 290 to 850MPa), used on body-in-white, make up the specimen tests for 
this study. For a given one, the material of the sheet metal assembled is identical and all the SW failure modes are 
nugget pullout (Fig. 3-1). The four different types of load conditions are illustrated (Fig. 2-1): 
i. Tensile loading condition 
ii. Shear loading condition 
iii. Mixture of tensile and shear loading conditions 
iv. Peel loading condition 
 
Tensile, shear, mixture of tensile and shear conditions are tested with double U (2U) specimen tests (). One SW 
joins the two sheet metals. For the peel loading conditions, H-peel specimen test type is used and ten SW join the 
three sheet metals together. 
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Figure 1 : Diagrams of the four types of solicitations and their associated specimen tests boundary conditions 
1.3.  Study of influential variables on the spot weld lifetime 
The objective of this study is to determine the influential variables of the database on SW lifetime. In order to 
consider the influence of SW parameters on tensile strength and failure simulation, Dancette et al [9] led a statistical 
study on a large tensile strength database. Dancette separated his analysis in two categories depending on the SW 
failure modes, the nugget pullout and interfacial fracture modes, Figure 2. Depending on the load solicitation, 
Dancette found a relation between the diameter of the SW, the thickness of the specimen tests and the failure 
strength. Within the study involving several car manufacturers [1], R. Mohan Iyengar et al studied results in many 
endurance peel and shear tests with many grades of steel (low to high ultimate tensile strength). According to their 
research, the effects of the type of material and the mean stress is negligible compared to the geometric variables 
such as thickness and diameter of the SW, Figure 2. 
 
 
Figure 2 : Two failure modes of SW; nugget pullout and interfacial fracture [9] (a), test results for coach peel and tensile shear loadings [1] (b) 
In order to determine the variables that influence the SW fatigue life, a sensitivity analysis (SA) has been 
established. A sensitivity analysis is used to analyze, for mathematical or empirical model, the influence of the 
variability of the model input factors on the output variable, the response [2]. For this model, which combined a set 
of experimental input variables ௜ܺ, an experimental response ܻ from a function (݂) is considered [2] : 
 
݂ ׷ Թ௣ ՜ Թ 
ܺ ՜ ܻ ൌ ݂ሺܺሻ (1) 
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The set of input variables ܺ ൌ  ሼ ଵܺǡ Ǥ Ǥ Ǥ ǡ ܺ௣ሽ is made of experimental factors for the response ܻ. The objectives of 
a sensitivity analysis are to: 
x determine the relationship between the factors and the response 
x reduce the response variance if a model to predict the response is developed 
 
In our analysis, the response ܻ is the number of cycles to failure and the available variables in our database are: 
x the diameter of the SW and the sheet metal thickness (ሼ݀݅ܽǡ ݐ݄ሽ) 
x the load range applied to the specimen test (݀ܨ) 
x the material of the sheet metals (݉ܽݐ) 
x the loading ratio between the minimum and maximum applied load (ܴܽ) 
 
The loading ratio is always the same, equal to ͲǤͳ, for every test results. Thus, this variable is not taken into 
account in our analysis. Moreover, according to Mohan Iyengar et al [1], the load ratio is negligible compared to the 
load range for endurance tests. So three factors, SW diameter and sheet metal thickness, load range applied to the 
specimen tests, and the structure material, are considered in our analysis.  
The Sobol method [10] is used to analyze the influence of the variable on the SW lifetime. This method 
determines the influence of the variable ௜ܺ on the variance of the response. So, the method analyses the variance of 
the response for a constant value (ݔ௜ ) of the variable ܸሺܻȁ ௜ܺ ൌ  ݔ௜ሻ . The expected value of all the possible 
combinations ܸሺܻȁ ௜ܺ ൌ ݔ௜ሻ  is taken into account. As a consequence, higher is the variance of ȁ ௜ܺ  , higher is 
Eሾܸሺܻȁ ௜ܺሻሿ also. The global variance is equal to: 
 
 
ܸሺܻሻ ൌ ܧሾܸሺܻȁ ௜ܺሻሿ ൅ ܸሺܧሾܻȁ ௜ܺሿሻ (2) 
The Sobol method uses ܸሺܧሾܻȁ ௜ܺሿሻ, via Eq. (3). This value is normalized in order to obtain the first order Sobol 
index ௜ܵ of the variable ௜ܺ : 
 ௜ܵ ൌ
ܸሺܧሾܻȁ ௜ܺሿሻ
ܸሺܻሻ  (3) 
The fatigue database of SW specimen tests is used to calculate the Sobol first order indexes. Index is calculated 
for the three variables ሺሼ݀݅ܽǡ ݐ݄ሽǡ ݀ܨǡ݉ܽݐሻ and the three loading conditions; tensile, shear and peel loading 
conditions. Thus, three Sobol indexes per variable are calculated, Figure 3.  
 
Figure 3 : Sobol first order indexes ( ௜ܵ) applied to the database for the three variables and loading conditions 
Thanks to this sensitivity analysis, several observations can be deduced. First, the sheet metal thickness and SW 
diameter, ሼ݀݅ܽǡ ݐ݄ሽ have a varying influence depending on the loading conditions. The Sobol index is low for tensile 
solicitations, but higher for the shear and peel loading conditions. Second, the load range applied to the specimen 
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test has a significant influence on the SW lifetime, whatever the load solicitation and with a Sobol first order index 
superior to 0.5 for every loading condition. Third, Sobol first order index of the material, whatever the loading 
conditions, is low, below 0.03. Therefore, for any SW fatigue life prediction criterion, it appears essential to take 
into account the diameter of the SW, sheet metal thickness, and the load range applied to the specimen test. 
Compared to the two other variables, the sheet metal material can be neglected.  
 
1.4. Spot weld fatigue life prediction 
Two different approaches are studied for the SW fatigue life prediction; the mechanical damage and fracture 
mechanic approaches. For the two approaches, SW fatigue lifetime is calculated respectively from cyclic strain 
range and stress intensity factor. 
1.4.1. Spot weld fatigue life prediction with cyclic strain range 
 
First, the SW life prediction calculation method with cyclic strain range is presented. Then, this method is applied 
on the database presented in §1.2. The calculated SW life with this method, ௖ܰ௔, is compared to the experimental 
SW life, ௘ܰ௫. A correlation error coefficient, ܴே, is determined to compare the numerical and experimental results, 
with ܮ௘௫ number of test results. 
 
 
ܴே ൌ෍
ห ௖ܰ௔௝ െ ௘ܰ௫௝ ห
൫ ௖ܰ௔௝ ǡ ௘ܰ௫௝ ൯
௅೐ೣ
௝ୀଵ
 (4) 
Because the correlation is not judged satisfying, a new method to predict the SW life, from cyclic strain range, is 
developed. From the Finite Element Analysis (ܨܧܣ), the strain range at the patch of the SW is extracted and strain 
history over time is calculated [3], Figure 4. The area enclosed by the nodes of the finite elements SW nugget is 
called patch [11]. The strain values are extracted from these patch elements. Normal strain is calculated for each 
finite elements of the patch every ten degrees normal plane of the element (critical plane method [12]). The normal 
cyclic strain ranges (ȟߝ) obtained from these strain histories are calculated with a Rainflow counting method [13], 
for every patch elements’ planes. One unique strain-life curve type (EN curve) relates the strain range to the SW 
lifetime ( ௖ܰ௔). Thus, a function ݃ଵ, depending on the strain range, calculates the numerical lifetime. 
 
 ௖ܰ௔ ൌ ݃ଵሺȟߝሻ (5) 
 
The Miner’s linear cumulative damage model [14] is used to calculate the SW life for every normal plane of the 
patch elements. The lowest lifetime calculated per SW is taken as the SW life prediction. 
 
 
Figure 4 : SW fatigue life prediction with cyclic strain range method 
For the four loading conditions of the database presented in §1.2 (tensile, shear, mixt of tensile and shear, peel), 
the SW life prediction is calculated for all the specimen test results. Thus, the value of ௖ܰ௔ for each specimen test 
result is determined, Figure 5. From them, ܴே is calculated and is superior to 200%. The correlation between the 
experimental, ௘ܰ௫ǡ and the calculated SW lifetime, ௖ܰ௔, obtained with the initial strain range criterion is not judged 
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acceptable. In order to understand this poor correlation, the strain range (ȟߝ௖௥௜ ) of the most damaged patch element, 
in its critical plane, is extracted. For similar experimental SW lifetime values, the numerical critical strain ranges are 
distant, with a ratio between them higher than three for some cases. Therefore, determining a single strain-life, even 
for every loading condition, is not satisfactory.  
The function ݃ଵ in Eq.(5) does not consider the diameter of the SW nugget and the sheet metal thickness. By 
examining the sensitivity analysis of the influential variables on the SW lifetime in §1.3, these variables are influent 
on the SW experimental lifetime. As a consequence, a new function, ݃ଶ, is introduced considering the SW diameter 
(݀݅ܽ) and the sheet metal thickness (ݐ݄):  
 
 ௖ܰ௔ ൌ ݃ଶሺȟߝǡ ݀݅ܽǡ ݐ݄ሻ (6) 
To obtain this new SW life prediction criterion, ݃ଶ is developed through a nonlinear multiple regression method 
of optimization [8]. In this case, the correlation between experimental and test SW lifetime is improved. The 
correlation error coefficient, ܴே, for every experimental test results is equal to 71%. In this case, the coefficient ܴே 
is divided by 2.7 compared to the original strain range life prediction criterion, Figure 5. 
 
 
Figure 5 : Experimental SW lifetime depending on the calculated SW lifetime with the initial cyclic strain range criterion (a) and the developed 
cyclic strain range criterion (b) 
However, 24% of calculated lifetime via this new strain range criterion is more than twice higher or lower than 
the experimental lifetime, taken as reference. This percent is considered significant. It can be explained by the fact 
that the loading condition type is not considered in Eq. (6). Nevertheless, this new optimized criterion, taking into 
account the sheet metal thickness and SW diameter interaction, significantly improves the correlation between the 
experimental and calculated SW lifetime. 
1.4.2. Spot weld fatigue life prediction with cyclic stress intensity factor range 
 
First, the SW life prediction calculation method with cyclic stress intensity factor range is presented. Then, this 
method is applied on the database presented in § 1.2. The SW lifetime is calculated with four different methods; Lee 
[4], Pook [5], Wang [6] and Zhang [7]. Then, a new method is developed to predict the SW life, from cyclic stress 
intensity factor range. 
From the finite element analysis, the strength tensor is obtained at the interface of the two sheet metal, Figure 7. 
Thus, the force and moment histories are extracted for every SW. The stress intensity factors, in modes I and II, are 
calculated using the strength tensor. The stress intensity factors, for a crack at the SW interface, are represented in 
Figure 6. ݇ூ and ݇ூூ represent respectively the local mode I and II stress intensity factors, when the kinked crack 
length,݀௖௥௔௖௞, is greater than 0. When the kinked crack length is close to 0, the local stress intensity factors ݇ூ and 
݇ூூ can be as functions of the kink angle ߙ and the global factors ܭூ  and ܭூூ for the main crack [15]. This assumption 
is considered for this study. 
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Figure 6: Main crack and a kinked crack with the kink length ݀௖௥௔௖௞ and the kink angle ߙ [4] 
An equivalent stress intensity factor, ܭ௘௤ , resulting of a combination of the factors ܭூ  and ܭூூ, can be expressed 
[16] : 
 ܭ௘௤ ൌ ටܭூଶ ൅ ߚܭூூଶ  (7) 
Equivalent stress intensity factor is calculated for each SW every ten degrees normal plane of the SW interface 
(critical plane method). The normal equivalent stress intensity ranges, ȟୣ୯, are calculated from these ܭ௘௤ histories 
with a Rainflow counting method. A stress intensity factor range-life curve type (ȟܭ௘௤ െ ܰ curve), links ȟܭ௘௤  to the 
SW lifetime. 
 ௖ܰ௔ ൌ ݃ଷ൫ȟܭ௘௤൯ (8) 
Thus, the spot weld life ( ௖ܰ௔) is calculated.  
 
Figure 7 : SW fatigue life prediction with cyclic stress intensity factor method 
To determine the equations of the stress intensity factors ሼܭூǡ ܭூூሽ  (7) and of ௖ܰ௔  (8), different criteria are 
proposed in the literature. In this study, four stress intensity criteria to predict SW lifetime are selected and 
compared: Lee [4], Pook [5], Wang [6] and Zhang [7]. Lee attempts to determine his criterion to predict SW fatigue 
life, using different spot weld specimen tests, with a single parameter denoting the equivalent stress intensity factor. 
This ܭ௘௤  depends of the strength tensor at the SW and of the SW nugget diameter. The sheet metal thicknesses are 
not taken into account. Pook develops stress intensity factor criteria depending on the loading conditions and the 
specimen test geometries. He determines his criteria from circular plates, lap-shear and coach-peel specimen tests, 
and their fatigue test results corresponding. Pook criteria are complex to apply to body-in-white, since parameters 
depend on the specimen test geometry. Zhang develops his SW fatigue life criteria on analytical solutions for 
circular rigid inclusions in thin plates, with the J integral formulation.  
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The SW life, ௖ܰ௔, is calculated with the four criteria described above. The database defined in §1.2, is used to 
calculate the SW life for the three loading conditions: tensile, shear and peel. The SW life determined from the 
experimental and the calculated SW life prediction depends on the loading solicitation and the stress intensity factor. 
The ܴே coefficient factor is higher than 200% for Wang criterion. For Lee criterion, the ܴே coefficient factor is 
higher than 100%. This high correlation error coefficient for Lee criterion could be explained by the fact that the 
thickness of the sheet metal is not taken into account in the criterion formulae. In our database, for the same loading 
condition (specimen test type and SW diameter), some tests have different sheet metal thicknesses. In this case, the 
SW fatigue life results are different for the same load applied to the specimen test. As a consequence, the diameter is 
not the unique geometric variable to consider. Pook and Zhang have the best calculation-test SW lifetime 
correlation, with ܴே  error coefficients respectively equal to 77% and 66%. Considering ܴே  coefficient, Zhang 
criterion based on fracture mechanics, has a better calculation-test SW lifetime correlation than the optimized 
criterion, based on mechanical damage, Figure 8. 
Thirty percent of calculated lifetime via Zhang criterion is more than twice higher or lower than the experimental 
lifetime, taken as reference. This percent is considered too high. Therefore, a new criterion, based on stress intensity 
factor, is developed through a nonlinear multiple regression method of optimization. These criterion objectives are 
to be adapted to the database and so to decrease the correlation error between experimental and calculated SW 
lifetime. The new equivalent stress intensity factor (7) depends on the modes I and II stress intensity.ܭூ  variables 
(9) are the sheet metal thickness, spot weld diameter, tension strength (ܨ௧௘௡), and the bending moments (ܯ௕௘௡). ܭூூ 
variables (9) are shear strengths (ܨ௦௛௘), the sheet metal thickness and the spot weld diameter. 
 ܭூ ൌ ܭ௧௘௡ሺܨ௧௘௡ǡ ݀݅ܽǡ ݐ݄ሻ ൅ ܭ௕௘௡ሺܯ௕௘௡ǡ ݀݅ܽǡ ݐ݄ሻ 
ܭூூ ൌ ܭ௦௛௘ሺܨ௦௛௘ǡ ݀݅ܽǡ ݐ݄ሻ 
(9) 
With: 
ܭ௧௘௡ ൌ ܨ௧௘௡Ǥ ௞݂ଵሺ݀݅ܽǡ ݐ݄ሻ , ܭ௕௘௡ ൌ ܯ௕௘௡Ǥ ௞݂ଶሺ݀݅ܽǡ ݐ݄ሻ 
ܭ௦௛௘ ൌ ܨ௦௛௘Ǥ ௞݂ଷሺ݀݅ܽǡ ݐ݄ሻ 
௖ܰ௔ ൌ ݃ସ൫ȟܭ௘௤൯ ൌ ൫ଶǤ ȟܭ௘௤൯
ͳ ܣͳൗ  
(10) 
 
The functions ( ௞݂ଵǡ ௞݂ଶǡ ௞݂ଷ ) are determined via nonlinear multiple regression method to be adapted to the 
database (10). Thus, a new equivalent stress intensity factor is developed, and the SW lifetime is predicted by the 
relation between the SW lifetime and the equivalent stress intensity factor range, depending on the constants 
ሼܣଵǡ ܣଶሽ. 
This new optimized criterion, based on fracture mechanics, considerably decreases the correlation error between 
numerical and test results; ܴே coefficient is equal to 21%, divided at least by 3 compared to all the other criterion 
coefficients. Moreover, none calculated lifetime via this new criterion is more than twice higher or lower than the 
experimental lifetime, taken as reference, Figure 8. The optimization method to obtain SW life prediction 
calculation equations, based on fracture mechanics adapted to the database, is effective and relevant.  
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Figure 8 : Some experimental SW lifetime depending on the calculated SW lifetime with the Zhang criterion (a) and the new stress intensity 
factor criterion (b) 
1.5. Fatigue life calculation on a full body-in-white  
An application of this study is led on a fatigue test of a full body-in-white. An automobile body is a complex 
structure consisting of about 450 structural parts that are mainly made of different steels. Spot-welding is the most 
common technique for connecting metal parts of an automotive body which is composed by about 4000 SW. At the 
fatigue test bench, the load applied to the body-in-white tends to represent a vehicle lifetime in extreme conditions 
for the fatigue of the vehicle. A specific body-in-white test bench results is studied, with numerous cracks appearing 
at SW during the fatigue test.  
Further to SW fatigue life prediction study, four life prediction criteria are tested on this full automotive vehicle: the first 
presented cyclic strain range criterion, developed cyclic strain range criterion, Zhang criterion and the developed stress 
intensity factor criterion. The calculation, a SW crack is considered if ܴ஼ coefficient is higher than 1: 
 ܴ஼ ൌ ܥௌǤ ௕ܰ௘௡௖௛
௖ܰ௔
 (11) 
 
ܴ஼ coefficient compares predicted SW life, ௖ܰ௔, to the test bench SW life, ௕ܰ௘௡௖௛, with a security coefficient ܥௌ 
superior to 1. Every cracks appeared are classified depending of their locations. Thus, SW crack locations are 
determined and ܴ஼ is calculated for every crack locations and every SW life prediction criteria. Then, a comparison 
of the number of cracks appearing at the durability bench and obtained by numerical calculation with these criteria is 
performed, Figure 9.  
 
Figure 9 : Number of SW crack locations appearing at the calculation and/or the test bench 
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Based on this fatigue test bench results, the initial strain range criterion has the worst calculation-test correlation. 
The percent of SW crack location common to the bench test and calculation is 59%, and 65% for the developed 
strain range criterion. The developed one has a better correlation, but the number of cracks revealed is considered 
not sufficient. The criteria based on fracture mechanics approach have a better test-calculation correlation. 
Calculation with Zhang allows to detect 92% of the SW cracks appearing at the fatigue test bench, and 97% with the 
developed stress intensity factor criterion. This proposed criterion, developed with the database presented in §1.2, 
improves the correlation, with an increase of 38% for SW cracks appearing at the calculation and at the fatigue tests 
compared to the initial strain range criterion. 
 
2. Fatigue data editing technique  
2.1. Introduction 
In order to validate that no crack will appear during a vehicle lifetime, prototypes are manufactured before the 
vehicle is commercialized. Some of them run several thousand kilometers on a circuit to test if some crack appear. 
The circuit road profiles are various and the speed of the car is high in order to test the vehicle behavior at “extreme 
fatigue conditions”. The load applied is complex, with several load application locations and directions. The biw can 
induce locally plasticization phenomena, especially closed to the biw load application locations. To predict 
numerical life estimation of SW and sheet metal, some nonlinear simulations have to be lead. Material nonlinearity 
and contacts between parts are considered. Such finite element simulations are time consuming and the simulation 
on a full biw of 3 million degrees of freedom takes about several decades of minutes per time discretization point 
(tdp) of the load signal. The signal length is about is 120 seconds for some road track sections, which represents 
thousands of tdp. It is so inappropriate to perform a nonlinear simulation on a full body-in-white with the full track 
road strength signal. The solution to perform the nonlinear simulation is to simplify the track road strength signal, to 
reduce the number of tdp.  
Reducing costs and product development time in many fields such as aerospace and automotive, require physical 
endurance tests conducted in minimal time. Therefore accelerated experimental tests subject is exhaustively studied 
in the literature. To reduce the duration of endurance tests, and so to reduce the load signal length, three types of 
solutions are typically considered [17]: 
x increase the load level applied to the structure , 
x increase the frequency of the load applied to the structure, 
x eliminate the non-damaging loading cycles, by analyzing strain and constraint histories extracted from a linear 
finite element simulation. 
 
The two first solutions have for main disadvantage to change the load cycle ranges. The structure response can 
indeed change and the test equivalence can be discussed. That is why the third solution is the most studied one. To 
remove non-damaging load cycles, several techniques have been developed to determine the damage sensitivity of 
the structure, and to condense loading history from a linear simulation: 
x with Rainflow counting method, the most damaging constraint [18] and deformation [19] ranges can be extract at 
a critical point of the structure, 
x by removing the non-damaging deformation works, Banvillet [20] developed a simplification method of a 
proportional random load signal, 
x Fourier and wavelet transform can be used to edit a fatigue history [21], [22] 
 
Firstly, existing fatigue data editing techniques are adapted and tested on a full body-in-white fatigue calculation, 
§2.2. Since the tdp number of the new load signal obtained from the literature techniques is too high, two new 
fatigue data editing technique are developed and tested on a full body-in-white durability calculation, §2.3. 
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2.2. Fatigue data editing techniques applied to a full body-in-white fatigue calculation 
Full body-in-white fatigue calculation is exposed. Then, fatigue data editing techniques from literature are 
presented. Finally, an application of the fatigue data editing techniques on a full body-in-white fatigue calculation is 
done and results are discussed. 
 
2.2.1. Full body-in-white fatigue life calculation  
 
The full biw is modeled by about 3 million of finite elements, Figure 10. The 455 parts which composed the biw 
are mainly sheet metal parts which are assembled by 3940 spot welds. The sheet metal parts are modeled with shell 
elements and spot welds with an assembly of several type of finite elements. There are many locations where cracks 
may occur on a biw. Cracks initiate mainly at spot welds, but some initiate at sheet metal. That is why, both sheet 
metal and spot welds lifetime are calculated on every parts of the biw. 
To predict the SW lifetime, the new spot weld fatigue life prediction with cyclic stress intensity factor range, 
presented §1.4.2, is used. To calculate shell element damages, the stress and strain histories at every sheet metal 
shell elements are extracted from FEA. Damage is calculated at every critical plane [23] via strain history with: 
x a Neuber plasticity correction [24],  
x the effect of mean stress on the damage, with Goodman-Smith equation [23], 
x the strain ranges are extract with a Rainflow counting method [13] 
x the relationship between the number of cycles to failure and the strain range is established with Smith-Watson-
Topper equation [25], considering the maximum stress value during stress history. 
 
The load signal is applied at 26 different load entrance locations in the longitudinal, transversal and vertical 
direction. Every load profile, for each load entrance location and direction is different and independent. Indeed, the 
full biw load signal put together 78 different load time histories, named full load signal. One of a road track, on 
which vehicle prototypes run 120 seconds during Renault vehicle fatigue tests is a road paved of Cobblestones. The 
samplerate of road signal is 512, so the number of tdp of the strength signal, for each load entrance location and 
direction is 61 440. This road track load signal, named pavement load signal, is applied to the load entrance 
locations during body-in-white fatigue life calculation. The pavement load signal is repeated 1e5 times, the number 
of cycles. 
 
 
Figure 10 : Full body-in-white finite element model representation (a), Kadjar vehicle on a Parisian pavement road (b), T.Antoine/ACE-Team 
image copyright  
2.2.2. Fatigue data editing techniques : Rainflow extraction method from strain history 
 
The first fatigue data editing technique presented is the technique named Rainflow technique. Via the Rainflow 
counting method are extracted the most damaging load ranges at one critical point of the structure. Stephens and al 
[19] developed and tested methods to extract a simplified load signal. The strain history at one critical point of the 
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structure is extracted. A Rainflow counting of this strain history is done and several strain ranges are determined 
thanks to this Rainflow counting. All the strain ranges below a certain level, named gate value, are deleted. Few 
strain ranges, associated to load ranges, are kept and the load is thus simplified, Figure 11.  
 
 
Figure 11 : Diagram of the Rainflow extraction fatigue data editing process  
To link the strain ranges, ȟߝ, to a number of cycles to failure, ܰ,Smith Watson and Topper [6] equation is used as 
suggested by Stephens [19]: 
 ߪ௠௔௫Ǥ ȟߝ௔ ൌ
൫ߪ௙Ԣ൯ଶ
ܧ Ǥ ൫ʹǤ ௙ܰ൯
ଶ௕ ൅ ߪ௙ᇱǤ ߝ௙ᇱ ൫ʹǤ ௙ܰ൯௕ା௖  (12) 
This equation (12) takes into account the maximum stress value at the location considered, ߪ௠௔௫ , the fatigue 
strength coefficient and exponent of the material, respectively ߪ௙ᇱ and ܾ, and the fatigue ductility coefficient and 
exponent of the material, respectively ߝ௙ᇱ  and c. The minimum value of the strain range retained is called gate value. 
The ratio of the new calculated damage and total damage is called percentage of damage retained. The ratio between 
the strain range gate value and the maximum value of the strain range is called the percentage of maximum gate 
value. Higher is the percentage of the gate value, lowest is the percentage of damage retained, Figure 12.  
 
 
Figure 12 : Percentage of damage retained depending of the percentage of maximum gate value [19]  
Lin et al. [17], based on Stephens and al. [19] work, studied the durability of welded motorcycle components. 
The strain range editing technique is efficient to edit strain history and demonstrate satisfactory agreement between 
the experimental data and predicted data in their case. The main advantage of this method is that strain history at a 
critical point of a structure is easily extracting from a FEA. Nonetheless, this Rainflow extraction method is applied 
only to calculate damage at one critical point of the structure. On a full biw, there are many locations where cracks 
can occur, so this method has to be adapted to our full biw calculation. Strain history is extracted and Rainflow 
counting is made for several locations on the full biw. To determine all the most damaging strain ranges for every 
critical points, a different gate value is determined for each strain history taken into account, depending of the 
maximum strain range at each location. This fatigue data editing technique is named Rainflow technique in this 
article. 
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2.2.3. Fatigue data editing techniques : Fourier and wavelet transform-based strain history 
 
To simplify load signal, excitation spectrum can be analyzed. Abdullah et al. [21] determined two ways, Figure 
13, to reduce the load signal length: 
x the Fourier transform of the strain history is analyzed, named Fourier technique, 
x the wavelet transform of the strain history is investigated, named wavelet technique. 
 
 
Figure 13 : Diagram of the Fourier and wavelet transform-based strain history data editing process 
For both techniques, the strain history at a critical point of the structure is extracted from a linear finite element 
simulation, combining the finite element model of the structure and the full load signal applied at one location. In 
the first case, a Fourier transform of the strain history is made to obtain the power spectral density (PSD) of this 
strain history. After analyzing the PSD, a low-pass filter of the signal is performed. The limit of this low pass filter 
is named gate value. Lowest is this value, lowest is the new signal number of tdp. The signal obtained after this filter 
process determines the simplified load. In the second case, a Morlet wavelet transform is performed, Figure 14. 
Abdullah et al. [21], using the newly Morlet wavelet - based developed computational algorithm, the wavelet 
coefficient magnitude segments were transposed into time domain signal. From this history, a gate value is 
determined to delete all the strain history sections which have an energy distribution lower than the gate value.  
 
Figure 14 : A Morlet wavelet coefficients in time-frequency representation (a), the Morlet wavelet coefficients in time representation (b), 68 
second edited strain signal with the Morlet wavelet editing technique, from a signal length of 160 seconds (c), [21] 
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The main advantages of these approaches are that they are easily exploitable from finite element calculations. In 
addition, the frequency content of the signals is taken into account in the data editing technique, unlike the Rainflow 
extraction technique. However, the full biw durability calculation is a static simulation. Also, Fourier and wavelet 
transform-based strain history techniques have not been tested for the study of several critical points of a structure, 
and for a load applied at several location points, with different load profiles at each location and direction. 
2.2.4. Application of the fatigue data editing techniques on a full body-in-white fatigue calculation 
 
The purpose of a load signal simplification technique, for this full body-in-white fatigue calculation, is to 
decrease the number of tdp, and also to obtain the same spot weld and sheet metal damage values calculated with the 
full and simplified load signal, at any location of the biw. To quantify these two characteristics of the simplified 
signal, coefficients have been defined: 
x ܴ௦௜௠, the degree of similarity of the simplified load signal,x ܴ௥௘ௗǡǤ
 
The degree of similarity of the signal, ܴ௦௜௠, equation (13), is set to determine if the damage value calculated with 
the simplified load signal, ݀௜௦௜௠, is close to the damage value calculated with the full load signal, ݀௜௙௨௟௟ . Damage 
values extracted at ௗܰ௜  points of the structure are thus compared. Two ܴ௦௜௠  coefficients are calculated for each 
application, ܴ௦௜௠ௌௐ  and ܴ௦௜௠ௌெ . ܴ௦௜௠ௌௐ  is defined to compare the SW damage prediction values, and ܴ௦௜௠ௌெ  the sheet metal 
damage prediction values. If the value of ܴ௦௜௠ is close to 0, most of the damage values calculated with the reduced 
signal is close to the damage values predicted with the full load signal. If the value of ܴ௦௜௠ is close to 1, most of the 
damage values calculated with the reduced signal are distant compared to the damage values predicted with the full 
load signal.  
 ܴ௦௜௠ ൌ ͳ െ
ͳ
௔ܰ௡
Ǥ෍ඨ ቆ݀௞
௦௜௠
݀௞௙௨௟௟
ǡ ݀௞
௦௜௠
݀௞௙௨௟௟
ቇ
ே೏೔
௞ୀଵ
 (13) 
The percentage of reduction of the signal length coefficient, ܴ௥௘ௗ , equation is set to compare the number of tdp 
between the full load signal, ௧ܰ௘௠
௙௨௟௟, and the simplified one, ௧ܰ௘௠௦௜௠. If ܴ௥௘ௗ is close to 0, the number of tdp is low 
compared to the full load signal discretization point number. Conversely, if ܴ௥௘ௗ is close to 1, the number of tdp of 
the simplified signal is close the number of tdp of the full signal.  
 ܴ௥௘ௗ ൌ ௧ܰ௘௠
௦௜௠
௧ܰ௘௠௔௟௟
 (14) 
The objective of the fatigue data editing techniques is to guaranty a low value of both ܴ௥௘ௗ and ܴ௦௜௠. Thus, the 
number of tdp is low, and the damage values calculated with the simplified load signal is close to the damage values 
predicted with the full load signal, considering SW and sheet metal life prediction. This objective is symbolized by 
the green area, Figure 15. For the full biw durability calculation, presented §2.2, the number of tdp has to be lower 
than 90, in order to calculate the biw damage on sheet metal and SW in less than several decades of hours.  
 
Figure 15 : he degree of similarity of the signal  
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The ܴ௥௘ௗ, ܴ௦௜௠ௌெ , ܴ௦௜௠ௌௐ  coefficients and the number of tdp, ܴ௡௕௧௜, are used to compared techniques and to evaluate 
the efficiency of the techniques. The two methods, presented § 2.2.2 and §2.2.3, are applied to the full body-in-white 
fatigue life calculation, exposed §2.2.1. The full load signal is the pavement load signal, discretized in 61 440 points 
for every 78 load entrance location signals. To calculate ܴ௦௜௠ௌௐ , all the SW damage values are considered. To 
calculate ܴ௦௜௠ௌெ , for every biw parts, the sheet metal finite element whose damage is the highest is retained and 
considered for the ܴ௦௜௠ௌெ  coefficient calculation. This selection is performed to take into account damage histories 
occurred on the entire structure, only for the most damaged elements which are considered as the critical points of 
the structure. 
For the Rainflow method, damage calculated from strain history, considering SWT equation (12), is applied to 
the full biw durability calculation. Four gate values have been established to determine four simplified load signals; 
95%, 90%, 80% and 10% of the maximum strain range. For the Fourier transform-based strain history technique, 
four simplified load signals have been calculated for four low pass filter gate values; 50Hz, 25Hz, 10Hz and 6Hz. 
For the wavelet transform-based strain history technique, four gate values have been established to extract four 
simplified load signals. The value of these gate values, depending of the shell element analyzed, have been 
determined to obtain at least 5%, 10 %, 20% and 50% of total damage retained per shell elements considered.  
For both technique, the shell elements selected to extract load signal points are the same than those considered for 
ܴ௦௜௠ௌெ  calculation. Contrary to the initial developments, these techniques are considered not to edit the fatigue data at 
one location of the structures, but at several locations of the full biw. Also, when a strain range is selected, only the 
two extreme values of the signal are considered and extracted, and not all the load tdp between these two tdp. 
Moreover, depending of the damage values calculated with new load signals, the number of cycles of the pavement 
load signal can be changed. For instance for the damage values calculated with the wavelet transform technique 
simplied load, the number of cycles used is 138 810 instead of 10 000. The new cycle number is calculated to 
minimize the coefficient value of ܴ௦௜௠ௌெ . 
 After applying these 3 techniques to the full biw fatigue calculation, the three techniques have the main 
advantage to a low value of ܴ௦௜௠, for both sheet metal and SW damage prediction, whatever the gate value. For all 
the techniques, the damage predicted is more accurate for sheet metal damage prediction, compared to SW damage. 
This can be explain by the fact that these 3 techniques determine a simplified signal from sheet metal strain 
histories. Also, some SW crack initiation can be a more complex mechanism than some sheet metal crack initiation. 
For the Rainflow fatigue data editing technique, SW and sheet metal ܴ௦௜௠coefficient values increase when the gate 
value increases. For the Fourier and wavelet fatigue data editing techniques, SW and sheet metal ܴ௦௜௠coefficient 
values increase when the gate value decreases. 
Table 1 : Degree of similarity for both SW and sheet metal, the percentage of reduction of the signal length and the number of tdp for every 
existing simplified load signal calculated 
 Rainflow technique Wavelet technique Fourier technique 
Gate value 95% 90% 80% 10% 5% 10% 20% 50% 50Hz 25Hz 10Hz 6Hz 
ܴ௥௘ௗ  0.35% 0.56% 1.11% 19.62% 0.29% 0.36% 0.63% 4.46% 19.53% 9.77% 3.91% 2.60% 
ܴ௦௜௠ௌெ   7.21% 7.14% 5.13% 0.13% 8.07% 7.47% 6.32% 2.11% 3.30% 8.36% 11.29% 11.29% 
ܴ௦௜௠ௌௐ   14.89% 13.63% 10.61% 0.56% 15.89% 14.40% 13.22% 5.29% 4.28% 8.95% 14.15% 19.03% 
ܴ௡௕௧௜  216 341 680 12056 177 220 389 2739 12000 6000 2400 1600 
 
For the Rainflow, Fourier transform and wavelet transform fatigue data editing technique, the lower number of 
tdp of the simplified load signal is established respectively for a gate value of 95%, 5% and 6Hz. However, despite a 
low ܴ௦௜௠ value for every techniques and gate values, none of these techniques can determine simplified load signal 
with a number of tdp lower than 90. For the three techniques, the compromise between the degree of similarity and 
rates reduction of simplified load signal is not satisfying since none of these 3 techniques, whatever the gate value, 
can extract less than 90 tdp from the 120s pavement road track load signal. That is why, new fatigue data editing 
techniques have been developed.  
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Figure 16 : Number of time discretization points of the simplified load signals depending of the degree of similarity for both sheet metal and SW 
2.3. Development of a new fatigue data editing technique 
Since no techniques previously presented can extract, from the full load signal, a simplified load load signal with 
a number tdp inferior to 90 for the pavement road track load, new fatigue data editing technique have been 
developed. It has been created for both non-welded and welded structures, taking into account strain histories at 
shell elements and equivalent stress intensity factors at SW. An application of these new fatigue data editing 
techniques on a full body-in-white fatigue calculation is led and the new techniques are compared to the fatigue data 
editing techniques presented §2.2. 
2.3.1. New fatigue data editing technique using strain history at shell elements 
 
As for the three previously presented data editing techniques, a linear finite element simulation is performed to 
extract strain history at every shell elements, and to predict damage values at each SW and sheet metal finite 
elements.  
 
Figure 17 : Global diagram of the new fatigue data editing process 
As for the three techniques presented §2.2, the simplified load signal is determined using strain histories at some 
shell elements. A selection of these shell elements is performed, depending of their: 
x Cartesian coordinates of the finite element center,  
x normal vector direction of the shell element plan, 
x damage value predicted with the full load signal. 
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In order to limit the number of shell elements to analyze, the ݊଴ shell elements are classified in several groups 
depending of the Cartesian coordinates of the shell element centers. For each groups, shell elements are classified in 
several subgroups depending of the direction of the shell element normal vector. Finally, for each subgroup, the 
element which the predicted damage value is the highest, and superior to defined valueis selected. Thus, ݊଴ shell 
elements are selected.  
 
 
Figure 18 : Diagram of the shell element selection depending of their Cartesian coordinates (a), directions of their normal vectors (b), damage 
values (c) 
For every shell element selected, its normal strain history in its critical plane is calculated [23]. From this history, 
the objective is to extract all the strain ranges which creates a damage close to the damage created by the maximum 
strain range value of this element. Thus, the most “damaging” signal ranges are selected. After that, for every 
selected time pair, shell elements are selected such as, the damage created by it, divided by the total damage value of 
the element, is close for each of the elements. Therefore, ݉ଵǡ௜௝ time pairs൛ݐ௜ǡ ݐ௝ൟ, associated to ݊ଶǡ௜௝ shell elements 
are determined. To extract some full load tdp to obtain a simplified load signal, the objective is to select ݉௦ of the 
݉ଵǡ௜௝ time pairs, such as: x for every ݊଴ shell element, at least one of the ݉௦ time pair is associated to it,  x the number of tdp selected to build the simplified load signal is minimized. 
In order to meet this goal, an algorithm, based on a Dynamic Time Warping algorithm [26], is developed and 
programed.  
 
 
Figure 19 : Diagram of the new fatigue data editing process from strain history at critical plane of shell finite elements 
Moreover, the selection of the shell elements, signal ranges and time pairs selection depends of coefficients. For 
every load signal editing process, these coefficients are optimized, applying successive Taguchi experimental plans 
[27]. The objective of these plans is to minimize ܥ௦௜௠ௌெ  and ܥ௦௜௠ௌௐ  values, optimizing the coefficient values.  
2.3.2. New fatigue data editing technique : stress intensity factor history at spot welds 
 
Another fatigue data editing technique is developed. This method process is identical to the new fatigue data 
editing technique presented §2.3.1, with the exception of: 
x spot weld finite elements are selected instead of shell element, 
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x equivalent stress intensity factors history at spot weld is taken into account to select signal ranges, instead 
of strain history at shell elements.  
The main steps of this new editing data techniques analyzing spot weld history are presented Figure 20. 
 
 
Figure 20 : Diagram of the new fatigue data editing process from equivalent stress intensity factor history at critical plane of spot weld elements 
2.3.3. Application of the new fatigue data editing technique on a full body-in-white fatigue calculation 
 
All the fatigue data editing techniques presented in this article are applied on a full body-in-white fatigue 
calculation. ܴ௡௕௧௜, ܴ௦௜௠ௌௐ , ܴ௦௜௠ௌெ  and ܴ௥௘ௗ coefficient values are calculated for each simplified load, Table 2. The load 
signal and structure taken into account are the same than presented §2.2.1. 
Table 2 : Degree of similarity for both SW and sheet metal, the percentage of reduction of the signal length and the number of tdp for every 
simplified load signal calculated 
 Rainflow technique Wavelet technique Fourier technique New technique 
Input ߝሺݐሻ ߝሺݐሻ ߝሺݐሻ ߝሺݐሻ ߝሺݐሻ ߝሺݐሻ ߝሺݐሻ ߝሺݐሻ ߝሺݐሻ ߝሺݐሻ ߝሺݐሻ ߝሺݐሻ ߝሺݐሻ ܭ௘௤ሺݐሻ 
Gate value 95% 90% 80% 10% 5% 10% 20% 50% 50Hz 25Hz 10Hz 6Hz - - 
ܴ௥௘ௗ  0.35% 0.56% 1.11% 19.62% 0.29% 0.36% 0.63% 4.46% 19.53% 9.77% 3.91% 2.60% 0.07% 0.07% 
ܴ௦௜௠ௌெ   7.21% 7.14% 5.13% 0.13% 8.07% 7.47% 6.32% 2.11% 3.30% 8.36% 11.29% 11.29% 24.04% 15.05% 
ܴ௦௜௠ௌௐ   14.89% 13.63% 10.61% 0.56% 15.89% 14.40% 13.22% 5.29% 4.28% 8.95% 14.15% 19.03% 16.02% 18.04% 
ܴ௡௕௧௜  216 341 680 12056 177 220 389 2739 12000 6000 2400 1600 42 40 
 
Rainflow, wavelet and Fourier techniques have the lowest ܥ௦௜௠ௌெ  and ܥ௦௜௠ௌௐ  coefficient values. But, none of these 
techniques can extract a number of tdp inferior to 90, Figure 21. The two developed techniques have also low ܥ௦௜௠ௌெ  
and ܥ௦௜௠ௌௐ  coefficient values, Figure 23, and a number of tdp inferior to 42. These two new methods have the best 
compromised between ܥ௥௘ௗ  and ܥ௦௜௠.  
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Figure 21 : Number of time discretization points of the simplified load signals depending of the degree of similarity for both sheet metal and SW 
The ܥ௦௜௠ௌெ  coefficient is 2% lower for the new strain range technique compared to the new stress intensity factor 
technique. It can be explain by the fact that the new strain range technique extract load signal analyzing strain 
histories at shell elements. But, ܥ௦௜௠ௌௐ  coefficient value is 9% higher for the new strain range technique compared to 
the new stress intensity factor technique. The new fatigue data editing technique using stress intensity factor 
histories at spot welds has the best compromised concerning ܥ௥௘ௗ and ܥ௦௜௠ௌெ  and ܥ௦௜௠ௌௐ , Figure 22.  
 
Figure 22 : Total damage display at spot weld and sheet metal calculated with full pavement road track load signal (a), and simplified pavement 
road track load signal (b) with the new editing data techniques analysing spot weld history, on the left rear of the body-in white 
The new fatigue data editing technique using strain histories at shell elements has also a very good compromised 
concerning ܥ௥௘ௗ  and ܥ௦௜௠ௌெ  and ܥ௦௜௠ௌௐ . In addition, this new strain range editing technique has the advantage to be 
adapted to welded and non-welded structures. 
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Figure 23 : Spot weld damage values predicted with the full pavement road track load signal depending of SW damage predicted with the 
simplified load signal, determined with the new editing data techniques analysing spot weld histories, on a full body-in white  
3. Conclusion  
Spot-welding is the most frequently used method for connecting metal parts of an automotive body. The fatigue 
failure of spot weld is critical for the safety, and needs to be predicted by means of numerical calculations. First, 
sensitive analysis is done to determine the influential variable on spot weld lifetime. Load range applied to the spot 
weld and geometric parameters (sheet metal thicknesses, spot weld diameter) are significant factors on the 
variability of the spot weld lifetime, unlike sheet metal material. Second, two spot weld life prediction criteria, based 
on mechanical damage and fracture mechanics respectively, are developed through a nonlinear multiple regression 
method thanks to spot weld fatigue tests. These criteria considerably improves the correlation between numerical 
and test results compared to the initial criteria. Finally, an application of this study is led on a fatigue test of a full 
body-in-white with about 4000 spot welds. The spot weld life prediction criteria based on fracture mechanics 
predicts more cracks appearing at this test bench and the developed one has the best calculation-test correlation.  
 
For several reasons, to achieve some full body-in-white fatigue lifetime calculation, the road track load signal has 
to be simplified, decreasing the number of tdp. In order to simplify the load signal, applied to the 26 different load 
entrance locations and discretized in 61 440 points, three existing fatigue data editing techniques are adapted and 
tested on a full biw durability calculation. The two objectives of these techniques are to decrease the time 
discretization point number of the simplified load, and to guaranty damage values predicted at SW and sheet metal 
with the simplified load close to the damage values calculated with full load signal. Rainflow, Fourier and wavelet 
techniques guaranty a good similitude degree of the damage values at both SW and sheet metal. Nonetheless, the 
number of time discretization points of the simplified load signals calculated is higher than expected, more than 177 
points. That is why, two new fatigue data editing techniques have been developed. They extract full load signal 
points analyzing strain histories at shell elements, or stress intensity factors at spot welds. Both of these techniques 
have a good similitude degree of the damage values at both SW and sheet metal. In addition, the number of time 
discretization points is low, at least 4.2 inferior to the tdp number obtained with Rainflow, Fourier and wavelet 
techniques.   
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